Retina APB Glycine GABA
INTRODUCTION
It is widely accepted that visual information is processed in separate ON and OFF channels in the retina. The possible interactions between the two channels might be assessed by their pharmacological separation at the level of bipolar cells (BC) using the glutamate agonist 2-amino-4-phosphonobutyrate (APB). APB eliminates the light responses of ON-BCs Yang & Wu, 1991; Hensley, Yang & Wu, 1993) , but has no effect on the light responses of OFF-BCs Hensley et al., 1993) or even enhances them (Slaughter, 1986; Arkin & Miller, 1987) . The data about the effects of APB on the third-order neurons are contradictory. APB reduces or fully abolishes the light responses of ON-ganglion cells (GC) (Bolz, Wassle & Thier, 1984; Wassle, Schater-Trenkler & Voigh, 1986; Jardon, Yucel & Bonaventure, 1989; DeMarco, Bilotta & Powers, 1991) , but it has no significant effect (Bolz et al., 1984) , diminishes (Muller, Wassle & Voigh, 1988; Chen & Linsenmeier, 1989; DeMarco et al., 1991) or potentiates the light responses of OFF-GCs (Wassle et al., 1986; Jardon et al., 1989) . Some authors have observed that the effect depends on the adaptational state of the retina and photoreceptor input to OFF-GCs (Muller et al., 1988) . The enhancement of the responses of OFF-GCs by APB is attributed to their disinhibition from the suppressive input from the ON-BCs directly or via glycinergic and/or cholinergic amacrine cells (AC) (Wassle et al., 1986 ; Jardon , 1989) . The mechanisms underlying APB-induced enhancement of the responses of OFF-BCs is still unclear. Some authors propose a mechanism similar to that supposed for OFF-GCs (Jardon et al., 1989) , but others suggest a direct action of APB on the OFF-BC membrane (Slaughter, 1986; Arkin & Miller, 1987) . In this study, we investigated the effect of APB on ERG OFF-response [which reflects mainly OFF-BC activity in amphibian retina (Dick, Miller & Daucheux, 1979; Xu & Karwoski, 1994) ] and its possible interaction with glycinergic and GABAergic neurotransmission in frog retina under conditions of light stimulation, favoring the activity of different types of photoreceptors.
MATERIALS AND METHODS
The experiments were carried out on frog eyecup preparations (Rana ridibunda) superfused with Ringer solution (for details see Vitanova, Kupenova, Popova & Mitova, 1993) . The following substances dissolved in Ringer solution were used: APB (Sigma) 200#M; picrotoxin (Fluka) 10, 50 and 100#M; and strychnine sulfate (Serva) 10, 50 and 100 #M.
Diffuse light stimuli (tungsten-halogen lamp) of 5 sec duration and 55 sec interstimulus interval were presented in dark-or chromatically-adapted eyecups. Dark-adapted eyes (no background illumination) were stimulated by white test stimuli with intensity of 1.7.104 quanta-sec-l-#m 2. Chromatic adaptation was used to isolate the activity of mainly one type of photoreceptors. Predominantly cone mediated responses were obtained by red test stimuli (2 > 610 nm gelatin 1945 filter, 8.1-104 q'sec l./tm 2) presented on blue-green background (interference filter 502 nm) with intensity of 3.0-105 q.sec ~'ktm 2 sufficient to saturate rods. Responses generated predominantly by green rods were obtained by blue test stimuli (interference filter 430nm, 4.7.105 q.sec l'#m 2) presented on green background (interference filter 550 nm) with intensity of 4.3.105 q.sec ~./tm 2, which is considered to saturate red rods (Backstrom, 1981) .
The eyecups were adapted to dark or chromatic background for 30 min and then ERG recordings were made for a period of 8 min. In the first test group after this control period, the eyecups were perfused with the glycinergic blocker strychnine or the GABAergic blocker picrotoxin followed by perfusion with APB plus blockers. In the second test group, only the effect of APB was investigated. In the control experiments the eyecups were perfused with Ringer solution. ERG was recorded by means of Ag/AgC1 electrodes at bandpass of 0.1-1000Hz. The results are based on 65 experiments. .
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RESULTS

Experiments on dark-adapted eyes
The perfusion with strychnine or picrotoxin in the first test group markedly increased the b-and d-wave amplitudes. Of the concentrations used (10, 50, and 100ktM) the most efficient was 50/~M and it was used in all experiments. The maximum increase of the b-and d-wave amplitudes during strychnine perfusion was 166.7 _+ 14.84% and 222 + 23.95% from the initial values respectively [ Fig. 1 (B) for the d-wave]. During the picrotoxin perfusion the amplitude of b-and d-waves was increased to 335.6 + 89.63% and 372.0 _ 64.67% respectively [ Fig. I(A) ]. When the effect of the blockers was fully developed (10min after beginning of the strychnine perfusion and 20min after beginning of the picrotoxin perfusion), 200/~M APB was added to the perfusate. APB markedly decreased the b-wave amplitude and additionally increased the d-wave amplitude [ Fig. 2(A) ]. The additional increase of the d-wave amplitude was 232.2___ 17.59% and 226.2 + 35,38% from the maximal value, obtained during the preceeding perfusion with strychnine or picrotoxin. The potentiating effect of APB on the d-wave amplitude was well developed also in the eyecups, treated with 100 ktM of the blockers.
In the second test group (n = 10), where only 200 #M APB was applied, the relative increase of the d-wave amplitude, caused by APB, 232.9 _ 33.5% did not differ from that obtained in the first test group, where APB was applied on the background of GABAergic and glycinergic blockade. In our previous work (Vitanova et al., 1993) smaller concentrations of APB were used (100 and 150#M) and similar effects on the b-and d-wave amplitudes was observed. It was interesting to note that the relative increase of the d-wave amplitude, caused by APB did not always correlate with the degree of b-wave suppression found in the present study. In some_ eyes-the~b 'wave was not eliminated but the relative increase of the d-wave amplitude was greater than that in eyes, where b-wave was almost fully abolished. It is not surprising that APB could not always completely eliminate the b-wave. A small, but detectable b-wave remains after APB also in ERG records, obtained by other authors (Muller et al., 1988; DeMarco et al., 1991; Bush & Sieving, 1994) .
In some experiments the eyecups were perfused first with APB and then with APB and blockers. The blockers were added to the perfusate when the effect of APB on the ERG waves was fully developed and remained stable with time (28-30 min after beginning of the APB perfusion). The additional increase of the d-wave amplitude after application of the blockers was well documented [ Fig. 2(B) ]. In the control eyecups (n = 17) the amplitude of the b-and d-waves remained 101.5 ± 4.18% and 88.6 _ 5.25% from the initial values respectively.
Experiments with chromatic adaptation
The ERG waves in light-adapted retinas had faster time-courses than those recorded in dark-adapted eyes [ Fig. 3(A) ]. The eyecups (n = 8) superfused with 50/~M strychnine or 50 #M picrotoxin showed an increase of the b-and d-wave amplitudes, which seemed to be smaller than that in dark-adapted eyes. APB administered together with the blockers decreased the b-wave amplitude and additionally increased the d-wave amplitude [ Fig. 3(A) ]. The additional increase of the d-wave amplitude in the strychnine-treated eyecups, 167.0 ___ 21.60%, was very similar to the increase of the d-wave amplitude, 166 __. I 1.75%, in the eyecups (n = 9), treated with APB only. In the picrotoxin-treated eyecups the additional increase of the d-wave amplitude during APB perfusion, 129.2 _+ 5.50% , was smaller (P < 0.02) than that in eyecups perfused with APB only. In the control experiments (n =8) the amplitude of the b-and d-waves remained close to the initial value (93.9 _ 5.60% and 92.6 ___ 6.11% respectively).
In five experiments performed under conditions favoring the activity of green rods only (see Methods) the results were very similar to those on dark-adapted eyes [ Fig. 3(B) ]. The potentiating effect of APB on the ..r---~ J L FIGURE 3. Effects of APB on ERG after GABAergic and glycinergic blockade in chromatically adapted eyecups. (A) ERG records from two eyecups stimulated with red test stimuli presented on a blue-green background. In the first experiment after a control period (1) the eyecup was first perfused with 50 #M strychnine (2~otted line) and then with 200/~M APB plus 50 #M strychnine (2--solid line). In the second experiment (3 and 4) 50 #M picrotoxin instead of strychnine was used in the same order. Calibration--100 #V, 0.2 sec. (B) ERG records from three experiments performed with blue test stimuli presented on a green background. In the first experiment after a control period (1) the eyecup was perfused with 200#M APB (2~otted line) and then with 200/~M APB plus 50/~M strychnine (2--solid line). In the second experiment after an initial control period (3) the eyecup was first perfused with 50/~M strychnine (4~dotted line) and then with 50 # M strychnine plus 200 # M APB (4--solid line).
In the third experiment (5 and 6) the eyecup was perfused with 50/~M picrotoxin in the same order as that used in the second experiment. Calibration--100/~V, 0.2 sec for 2 and 3; 50 ktV, 0.2 sec for the others.
d-wave was not abolished by blockade of glycinergic and GABAergic synapses.
DISCUSSION
The present results show that APB markedly potentiates the ERG d-wave both in dark-and chromatically-adapted frog eyes. Many data suggest that in amphibian retina the d-wave originates in the activity of OFF-BCs through a potassium mediated mechanism similar to that for the b-wave (Dick et al., 1979; Yanagida, Koshimizu, Kawasaki & Yonemura, 1986; Xu & Kazwoski, 1994) . The contribution of the decay of the late photoreceptor potential to the d-wave generation seems to be unimportant, because pharmacological blockade of photoreceptor synaptic activity (without affecting photoreceptors themselves) fully abolishes the d-wave in amphibian ERG (Stockton & Slaughter, 1989; Xu, Huang, Livesey & Karwoski, 1991) . Having in mind that APB does not alter photoreceptor activity Yang & Wu, 1989; Xu et al., 1991) we may suggest that the potentiating effect of APB on ERG d-wave is mainly due to the enhanced light responses of OFF-BCs, which was previously reported in amphibian retina (Slaughter, 1986; Arkin & Miller, 1987) .
The increased activity of OFF-BCs during APB perfusion might be related to their disinhibition from suppressive inputs coming from ON-BCs via inhibitory (glycin and/or GABAergic) ACs. However, in this study blockade of the glycinergic synapses by strychnine and of the GABAergic synapses by picrotoxin did not alter significantly the potentiating effect of APB on the d-wave. This indicates that the effect of APB on ERG OFF-response depends neither on strychnine-sensitive nor on picrotoxin-sensitive neurotransmission in frog retina. This finding is at odds with the results of Jardon et al. (1989) , who reported that strychnine injected intravitreally in frog eyes reduces the d-wave amplitude, which has previously been increased by APB. If APB blocks ON-BC responses, the ON-BCs could not exert any light modulated inhibitory influences upon the OFF-BCs. Thus the subsequent blockade of the glycinergic ACs fed by ON-BCs would fail to influence the light responses of the OFF-BCs. So, it is difficult to explain the decrease of the d-wave amplitude observed by the Jardon et al. (1989) .
The additional potentiation of the ERG OFFresponse in our experiments during perfusion with strychnine (applied after APB) might be due to inhibition of glycinergic interplexiform cells and ACs (described in amphibian retina by Voaden, Marshall & Murani, 1974; Kleinschmidt & Yazulla, 1984) , which probably receive inputs from the OFF channel and send feedback signals to the OFF-BCs. This possibility is consistent with the electrophysiological studies in amphibian retina showing that light responses of ONand OFF-BCs are inhibited by glycine and GABA (Miller, Frumkes, Slaughter & Dacheux, 1981; Wu, 1986; Stone & Schuttle, 1991) . As in our earlier studies on frog retina (Belcheva & Vitanova, 1974) strychnine and picrotoxin (applied before APB) greatly increased the amplitude of ERG b-and d-waves. This indicates that the concentration of the blockers was sufficient to block the inhibitory inputs to ON-and OFF-BCs coming from glycinergic AC and IPC (review in Marc, 1985) and GABAergic ACs and horizontal cells (review in Yazulla, 1986) . However, the blockade failed to prevent the potentiating effect of APB on the ERG d-wave as it was shown for OFF-GCs (Wassle et al., 1986; Muller et al., 1988) . It might be suggested that APB enhances the light responses of OFF-BCs probably by a direct action on their membrane via nonsynaptic APB receptors (a mechanism proposed by Slaughter, 1986) or via non-APB exitatory amino acid receptors (a mechanism proposed by Arkin & Miller, 1987) . The similar effect of APB on the ERG OFF-response under different conditions of light stimulation supports this suggestion. The lack of apparent correlation between the degree of d-wave potentiation and b-wave diminution is also consistent with the idea for independent action of APB on the ON-and OFF-BCs. In addition to a proposed direct action of APB, some disinhibition of OFF-BCs from inhibitory inputs coming from ON-BCs via GABAergic ACs might contribute to the increase of the d-wave amplitude in chromatically-adapted eyes, where the responses are mediated predominantly by cones.
Regardless of the precise mechanism of APB action our results suggest that APB can act on both ON and OFF pathways in frog retina and its usefulness for studying the possible interactions between the ON and OFF retinal channels could be a matter of debate.
